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Abstract Travel time estimation is an integral part of
Intelligent Transportation Systems, and has been an
important component in traffic management and operations
for many years. Travel time, being spatial in nature,
requires spatial sensors to measure it accurately. Bluetooth
is emerging as a promising technology for the direct
measurement of travel time, and is reported in a few studies
from homogenous traffic conditions. At the same time,
there have been no studies on the applicability of Bluetooth
for travel time estimation in heterogeneous traffic seen in
Istanbul and even that Turkey. Bluetooth data collected
from a busy urban road in Istanbul city have been analyzed
and the penetration rate was found to be about 5 %. Two
wheelers and light motor vehicles have been detected using
the Bluetooth sensor and the data have been extrapolated to
estimate travel times of other classes of vehicles. The study
developed linear relationships between speeds of different
classes of vehicles through weighted linear regression
methods and were used for the estimation of stream travel
time. The results obtained were promising and show that
Bluetooth is a cost-effective technology for estimation of
travel time for heterogeneous traffic conditions.
Keywords Travel time  Public transport  Traffic
management  Istanbul traffic  Traffic time estimation
1 Introduction
The time taken to commute between two points in a traffic
stream—the ‘‘travel time’’—is useful information that can
help the traveler plan their trip better. Travel time infor-
mation is also an important parameter in Intelligent
Transportation Systems, traffic demand modeling and
prediction, traffic simulation, traffic signal timing control,
incident detection, congestion management, and dynamic
route assignment [1].
Travel time is a dynamic, spatial parameter that is dif-
ficult to measure directly for an entire travel stream. Sen-
sors affixed at predetermined spots en-route a stream or
within vehicles moving along the stream, can be used for
direct travel time measurements. Automatic vehicle iden-
tification (AVI), License Plate Recognition Systems, Sig-
nature Matching Systems, Platoon Identification Systems,
Global Positioning Systems (GPS), mobile phones, and
Bluetooth are some common examples of devices that can
be used as spatial sensors for travel stream analyses.
Despite the apparent applicability of these sensors in
measurement of travel time, many of them suffer from one
or more of the following drawbacks: they provide no
information on count, occupancy and flow, require user
participation, have privacy issues and capture only a small
fraction of the traffic [2, 3].
Bluetooth is increasingly being explored for travel time
measurement applications. Preliminary studies in the West
have proven cost-efficiency benefits of Bluetooth in spatial
sensing in homogenous traffic conditions [4]. Agencies in
the USA such as The Illinois Department of Transportation
[5] and Houston Transtar already use Bluetooth sensors to
collect travel time information.
However, there are no reports yet, on the use or study of
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traffic scenario. The present study attempts to overcome
this stalemate by evaluating the applicability of the Blue-
tooth sensor as a traffic data source under The Bogazici
Bosporus traffic conditions.
Bluetooth can be used to measure travel times of those
vehicles that have Bluetooth devices. This may only be a
small fraction of all vehicles plying any particular route.
Hence, it is important to understand the percentage of
vehicles from which data can be collected using this
method, namely penetration rate analysis. Also, it is
important to know the class-wise distribution of vehicles
from which data can be collected. This is particularly
important for a country like Turkey, whose roads are
characterized by heterogeneous traffic conditions—two
(bicycles, motorbikes), three (auto rickshaws), and four
wheelers (cars) share the road with light and heavy motor
vehicles and a heavy pedestrian population.
This study performs penetration analysis and determines
the class-wise distribution of Bluetooth-based data. A
method for the estimation of stream travel time from the
sampled data is also developed.
2 Background and scope
The state of the traffic is estimated using data from various
sensors that range from traditional inductive loops to
advanced Bluetooth MAC Scanners. Models have been
proposed to estimate travel time (or speeds) [6, 7, 8–11]
and density [12–14] from loop detector data.
Bluetooth uses low-power radio waves to wirelessly link
various electronic devices over short distances (1–100 m).
A Bluetooth device uses a 12-digit electronic identifier,
called a Media Access Control address, or MAC address
that serves as an electronic nickname for the device. An
‘‘inquiry’’ establishes continuous connection between
MAC ID’s. The anonymity of Mac ID’s ensures privacy [5]
and can be used as a handle to obtain traffic information.
In the present study, MAC ID’s, which are captured by a
Bluetooth sensor device, are replaced by an automatically
generated random number, thus further obviating possible
privacy intrusions. Travel time can be computed from
Bluetooth sensor data by matching the IDs at two locations
and calculating the difference between the arrival time
stamps of the MAC ID at these locations.
Most existing studies on Bluetooth for traffic applica-
tions have focused on quality control of Bluetooth data and
estimation of average speed or origin-destination [4, 5]. In
many of these studies, only a percentage of traffic stream—
the sampling rate or penetration rate—is captured and used
as the traffic data source. For example, a Bluetooth hourly
sampling rate as low as 2 %–4 % was observed in a study
at the University of Maryland [4]. In this study, it was
found that the travel times obtained using Bluetooth sen-
sors were comparable to those obtained using GPS. The
study also proposed a two-step travel time filtering mech-
anism to estimate the upper and lower bounds from the
distribution of travel time. The accuracy of measured travel
time was reported to be better with increased distance
between the two Bluetooth detectors and decreased vehicle
speed.
Stevanovic and Martin [15] compared the travel times
measured by Bluetooth MAC readers with that obtained
using floating cars equipped with GPS. They reported that
the travel times from the Bluetooth readers did not vary
significantly (95 % level) from the GPS floating car travel
time for 83 % of the cases. Wang et al. [16] demonstrated
that the travel time obtained from Bluetooth sensors with
sampled data and that estimated from loop detectors are
roughly similar.
An analysis of the impact of vehicle speed and effective
range of the device on the number of in-range scan inter-
vals for improvements in device detection was reported in
[17].
Welsh et al. [18] worked on the improvements of the
Bluetooth technology connection times between moving
devices and proposed the creation of a mesh network of
Bluetooth-connected devices. Ahmed et al. [19] further
investigated the concept, envisioning the utilization of
Bluetooth technology, in order to create a static mesh
network for ITS data collection. The Bluetooth detec-
tion technology has been shown to be effective in
several research studies [19, 20]. Analyses for freeways
and arterials demonstrated that methodologies based on
data recorded by Bluetooth detectors are capable of
capturing traffic conditions as accurately as other data
sources, including intrusive methods, such as loop
detectors as well as non-intrusive, such as Floating Car
Data [4, 21–23].
Sadabadi et al. [24] estimated the upper bounds for the
errors by using the relationship among the segment length,
average speed, and travel time and showed that the travel
time measurement error is negligible when the average
speed is around 45 kmph and the distance between two
detectors is 2–3 miles. Quayle et al. [21, 22] identified the
upper and lower limits of travel times measured with a
Bluetooth sensor, using a moving standard deviation [25].
Jaume et al. [26] studied the quality of the data produced
by the Bluetooth and Wi-Fi detection of mobile devices to
estimate time-dependent Origin-Destination matrices based
on Kalman Filtering. Sawant et al. [27] used the concepts
of wireless sensor networks and Bluetooth protocols to
develop a novel approach that increased safety of road
travel. Bullock et al. [28] studied the applicability of
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Bluetooth in measuring time spent waiting in security
screening lines, transiting the security screening check-
point, and walking to concourse in airports. A study by
Blogg et al. [29] reported on the passive observations of
Bluetooth protocol devices embedded in vehicles and
motorists’ mobile devices to collect the OD data.
Li et al. [30] compared the performance of various
traffic data collection methods for urban road network
environments, showing similarities, advantages, and dis-
advantages. This reference studied the quality of decom-
posed link travel times based on empirical data in the
Chinese city of Changsha. They found that the accuracy
typically is within a range of just 1 s.
As with any travel time measurement method, sources
of error exist and outlying data points must be addressed
to ensure that accurate travel times are reported. Errors
may appear in Bluetooth travel time measurements on
arterials as a result of signal delay and non-uniform traffic
flow [31]. The 10.24 s required to complete the Bluetooth
inquiry process may introduce a major source of error and
may result in inaccurate travel times, though this error
decreases as the distance between Bluetooth stations
increases [32, 33]. In recent years, applications of Blue-
tooth and cell phones have attracted many researchers in
estimating travel time. Consequently, various studies have
been presented in detecting and addressing outliers [31,
34]. Li et al. [35] examined traffic data gathered from
taxicabs over 24 days by applying the Temporal Outlier
Discovery (TOD) concept to detect temporal outliers. It
has been widely reported that point-to-point data sources
like the Bluetooth are self-sufficient, as far as the pre-
diction of travel times is concerned [36–38]. However,
the assumption that is often made is that the data samples
are large enough for computing the statistics of interest
[39].
On the other hand, in travel time estimation method,
there are several data collected methods. In Liu et al. [40],
the data collected by TRANSMIT readers, Bluetooth sen-
sors, and INRIX were assessed by comparing each to the
‘ground truth’ travel times collected by probe vehicles
carrying GPS-based navigation devices.
All studies reported above are from the Western traffic
condition which is largely homogeneous in nature. While
the basic principles of using Bluetooth for travel time
prediction remain the same for heterogeneous traffic con-
ditions, significant adaptations are required to suit the
Turkey road. This study is a pioneer in the investigation of
Bluetooth as traffic sensor under Turkey traffic conditions
and presents penetration and class-wise distribution anal-
yses, in addition to proposing a method to estimate stream
travel time from sampled Bluetooth data.
3 Data collection
3.1 Field data
The Bogazici Bosporus is a gravity-anchored suspension
bridge with steel towers and inclined hangers [41]. It is
1,560 m but the study stretch selected was the initial sec-
tion of the Bosporus in Istanbul, Turkey. The two locations
were selected (at a distance of 850 m) (Fig. 1).
Bluetooth sensors were connected to laptops installed
with ‘Bluetooth View’ software and placed at the two
locations. When a vehicle fitted with a Bluetooth device
crossed the sensor, the MAC ID and time stamp were
automatically recorded by the software. Matching pairs
were identified using data collected from the two locations.
The difference between the arrival time stamps at the two
locations for the corresponding matched MAC ID was
considered as the travel time of the vehicle.
In all data collection activities, the traffic was simulta-
neously recorded on video in order to manually extract
actual values of the total vehicle volume, classification, and
travel time. Such information was useful for penetration
analysis, class identification, and validation of estimated
stream travel times.
Data were collected during two peak traffic periods
(9.00–1.30 a.m. and 1.30–4.00 p.m.) for penetration anal-
ysis and also, someday, more data were collected
(9.30 a.m.–9.30 p.m.) for class identification of vehicles.
3.2 Simulated data
The estimated stream travel time obtained from simulations
studies was used for corroboration, because collection of
data from field was strenuous and time-consuming. VIS-
SIM was used to generate the data. Simulations were
Fig. 1 Study site details
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performed using actual field flow information obtained on
September 20th and 21st 2014 from an automated sensor.
Travel time, classified speed, and flow data were generated
for 24 h periods on both days and used to estimate stream
travel time and develop and validate models.
4 Results and discussion
4.1 Penetration rate analysis
The percentage of the actual traffic captured by the Blue-
tooth sensor is generally called as the sampling rate or
penetration rate [5] and is an important parameter to
ascertain the adequacy of sample size for analysis. The
penetration rate analysis was performed separately at entry
and exit locations. From the raw data obtained using the
Bluetooth sensor, the number of vehicles captured by
Bluetooth at each location was obtained. The total number
of vehicles passing each of these locations was obtained by
manually counting the vehicles in the video. Such counts
were made at 5-min intervals over the entire duration of
data collection. The number of samples captured by
Bluetooth divided by total vehicle flow during a particular
5-min period was taken as the penetration rate for that
period. The maximum and minimum penetration rates at
the two locations during the morning and evening hours are
shown in Fig. 2.
It can be seen that the average penetration rate of
Bluetooth was about 5 %. This value is comparable to the
reported penetration rate in previous studies [4]. The
sample size obtained is more than the GPS penetration rate
in Turkey cities, which is available only from public
transport vehicles. The Bluetooth sensor is thus a promis-
ing source for traffic data collection for Turkey conditions.
4.2 Class identification of vehicles captured
by Bluetooth sensor
After knowing the penetration rate, it is important to
understand the distribution of these Bluetooth devices
among various classes of vehicles to ensure applicability of
Bluetooth technology in accurate travel time estimation.
Four major classes of vehicles were considered in this
study:
• Two wheelers (2W),
• Three wheelers (3W),
• Light motor vehicles (LMV), and
• Heavy motor vehicles (HMV).
To conduct this analysis, Bluetooth data and video data
were collected simultaneously at the entry and exit loca-
tions. Matching pairs of MAC ID’s and their corresponding
arrival time stamps obtained from Bluetooth were first
identified for the two locations. The arrival time stamp of a
vehicle detected at the first location was matched with the
time in the corresponding video to identify the possible
class of the detected vehicle. This was repeated at the
second location for the same Bluetooth ID and the common
vehicle matching the time stamp in both the videos was
identified as the vehicle corresponding to that Bluetooth
ID. The videos at the two locations were visually compared
in parallel for the corresponding arrival time stamps in
order to identify the matching vehicle and class. The per-
cent-wise distribution of different classes captured by the
Bluetooth on a sample day is shown in Fig. 3. Similar
observations were obtained on other days too.
It can be seen that more than 91 % of vehicles captured
using Bluetooth sensors were either LMV or 2W, indicat-
ing a possible bias of the Bluetooth to fast moving vehicles
comprising mainly passenger cars and motorbikes. It is
therefore necessary to project the data of these fast moving
vehicles to the other two classes namely 3W and HMV,
Fig. 2 Minimum and maximum penetration rates (%)
Fig. 3 Classes of vehicle identified by Bluetooth
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which move relatively slow, before using the data for
stream travel time estimation described in the following
section.
4.3 Estimation of stream travel time
It can be seen from penetration rate analysis and class
identification studies that the Bluetooth has an average
penetration rate of 5 % in Turkey conditions, and captures
mainly 2W and LMV, which are grouped as High Speed
Vehicles (HSV) in this study. The travel time captured by
Bluetooth is thus the average travel time of HSV. The
travel time of slow moving vehicles must be estimated
from the measured travel time in order to compute the
complete stream travel time.
The average speeds of HSV were calculated from the
measured HSV average travel times using the known dis-




where TBluetooth is travel time measured by Bluetooth sen-
sor, VHSV speed of high speed vehicles and D12 distance
between the two detector stations.
The speed of the entire stream must be estimated from
this speed of the HSV. The traffic composition in the study
corridor was observed to be 45 % 2W, 6 % 3W, 47 %
LMV, and 2 % HMV. Thus, a weighted average speed of
the entire stream can be written as
Vstream ¼ 0:45V2W þ 0:06V3W þ 0:02VHMV þ 0:47VLMV;
ð2Þ
where V2W is speed of 2-wheelers, V3W speed of
3-wheelers, VHMV speed of heavy motor vehicles, VLMV
speed of light motor vehicles and Vstream average stream
speed.





where Tstream is travel time of the stream.
To estimate the speed of slow moving 3W and HMV
from the travel time data of HSV, weighted linear regres-
sion was adopted. The speed of the 3W/HMV was taken as
the dependent variable and the speed of the HSV as the
independent variable as
V3W ¼ a1VHSV; ð4Þ
VHMV ¼ a2VHSV; ð5Þ
where a1 is coefficient obtained from regression between
speed of 3W and HSV; a2 coefficient obtained from
regression between speed of HMV and HSV.
However, in linear regression, it is assumed that each
data point provides precisely equal information, which may
not always be the case. In such cases, to reduce error,
weighted linear regression can be used, where each point is
assigned a weight which regulates its influence in the
estimation process. The scatter plot for the speed of 3W
and HSV is given in Fig. 4, where the scatter plot is funnel
shaped indicating that the points have varying influence in
the estimation process.
A similar shape was also observed in the case of HMV
vs HSV. Hence, the weighted linear regression was used
for establishing the relationship between the speeds of 3W
and HSV and speeds of HMV and HSV. Also, traffic
conditions are dependent on the time of the day and there
will be variations between peak periods and off-peak
periods and nights. To identify these regimes, full day data
obtained from VISSIM are plotted. A sample plot of travel
time is given in Fig. 5. A travel time of 150 s was selected
as a threshold between peak and off-peak flow regimes.
Based on this, the congested and normal flow regimes
were identified and the relationship between the speeds of
3W and HMV with HSV were formulated separately for
each of the flow regimes. The above scheme was imple-
mented using simulated data in order to obtain sufficient
Fig. 4 Scatter plot of 3W and HSV Speed
Fig. 5 Different flow regimes during the day
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sample size. The speed of HSV was assumed to be the
average speed of LMV and 2W. The weights were assigned
as the square inverse of the speeds and weighted linear
regression was carried out using R-software.
An estimation of the linear relation between the speeds
of different classes of vehicles was made from the linear
regression. The average stream speed was estimated using
Eq. (2) using the known speed of HSV and estimated
speeds of 3W and HMV. The different coefficients used to
estimate average stream speed from speed of HSV for
different times of the day are tabulated in Table 1. Tables 2
and 3 list the parameters obtained from the weighted linear
regression for the 1:30–4:00 p.m. time period.
Validation was carried out using simulated data col-
lected on a different day. Classified travel time and speed
data were generated for the entire day and speed of HSV
calculated as distance divided by travel time of HSV (av-
erage travel time of LMV and 2W). The speed of 3W and
HMV was estimated using the coefficients a1 and a2
obtained as above, and the total stream speed was calcu-
lated using Eq. (2). The estimated and actual stream speed
for sample duration of 9:00 a.m.–1:30 p.m. are shown in
Fig. 6.
The estimated speeds agree well with the actual speed
values, as shown in Fig. 6. The corresponding stream travel
time was calculated using Eq. (3) above and is shown in
Fig. 7, along with the actual stream travel. Mean Absolute
Percentage Error (MAPE), given by the following equation









Fig. 7 Actual and estimated travel time for 9:00 a.m.–1:30 p.m.
Fig. 6 Estimated and actual stream speed during 9:00 a.m.–
1:30 p.m.
Table 1 Coefficients for 3W (a1) and HMV (a2) for different flow
regimes
Class 9:00 a.m.–1:30 p.m. 1:30–4:00 p.m. 7:00–9:30 p.m.
Linear coefficients
a1 0.84 0.783 0.81
a2 0.83 0.793 0.83
Table 2 R-output for linear regression for HMV
Residuals
Min 1Q Median 3Q Max
-0.79380 -0.07010 0.02565 0.08200 0.26518
Coefficients
Estimate SE t value Pr([|t|)
HSV1 0.7938 0.0194 40.91 \2e-16***
Residual standard error: 0.08983 on 144 degree of freedom (DF) (87
observations deleted due to missingness)
Multiple R-squared: 0.9871, Adjusted R-squared: 0.987
F-statistic: 1.105e?04 on 1 and 144 DF, p value:\2.2e-16
Signif. codes: 0 ‘***,’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1
Table 3 R-output for linear regression for 3W
Residuals
Min 1Q Median 3Q Max
-0.27594 -0.05098 0.00462 0.04104 0.33671
Coefficients
Estimate SE t value Pr([|t|)
HSV2 0.78406 0.00746 105.1 \2e-16***
Residual standard error: 0.08983 on 144 DF
Multiple R-squared: 0.9871, Adjusted R-squared: 0.987
F-statistic: 1.105e?04 on 1 and 144 DF, p value:\2.2e-16
Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1
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where Te and To are the estimated and observed travel
times.
Similar results were obtained for other time zones and
the MAPE obtained for different time zones are shown in
Fig. 8. It can be seen that the average error is around 2 %,
indicating excellent performance of the scheme.
5 Conclusions
In this study, Bluetooth data collected from a busy road in
Istanbul Bogazici Bosporus were analyzed for possible use
as a traffic sensor. Penetration rate analysis, class identifi-
cation, and estimation of stream travel time using Blue-
tooth have been demonstrated for the first time in Turkey.
The penetration rate was found to be about 5 %. Majority
of the detected vehicles were found to be two wheelers and
light motor vehicles, indicating a bias in the data.
Estimating the stream travel time for an entire stream
from limited Bluetooth data is a challenge and not many
studies have addressed this problem until now. In this
study, the data obtained from 2W and LMV were extrap-
olated to estimate travel times of other classes of vehicles
such as three wheelers and heavy motor vehicles to get a
true estimate of stream travel time. The analysis was car-
ried out separately for peak and off-peak traffic flow con-
ditions. The study established linear relationships between
speeds of different classes of vehicles through weighted
linear regression analysis and estimated stream travel time
as distance divided by stream speed. This technique was
successful in estimating stream travel time accurately with
an average MAPE of 2 %.
This study has shown that the Bluetooth is a cost-ef-
fective technology for estimation of travel time for
heterogeneous traffic conditions. This study is the first of
its kind to demonstrate the applicability of Bluetooth for
travel time estimation under heterogeneous traffic
conditions.
6 Future study
Much (more) transportation departments use inductive
loops, traffic cameras, or stationary sensors to measure
travel time for estimate travel time. Although these tradi-
tional systems are proven techniques of collecting traffic
data, they each also have some shortcomings. Recently and
alternatively, Floating Car Data method, Bluetooth, and
GPS technologies have introduced an effortless method for
traffic data collection and hereby traffic performance
measurement. In the future study is going to try to inves-
tigate the use of GPS technology for stream travel time
estimation under Turkey traffic conditions. In this case,
some comparable or differences can be found between two
technologies such as Bluetooth and GPS. After all, com-
panies like Waze, TomTom, and Google are already able to
provide city and country level traffic condition using GPS
and other sources of data. For this reason, comparison is
made among all technologies for travel time estimation
under different conditions.
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